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Wetting phenomena have been studied extensively due to their versatile applications such as self-
cleaning, microfluidics, and anti-icing. The wettability can be evaluated by measuring contact angle 
and the contact angle can be predicted by several equations. For molecularly flat and chemically 
homogeneous surfaces, the Young’s equation is used, and for a molecularly flat, chemically 
heterogeneous surface, the Cassie equation is used. Moreover, when the surfaces are rough, the Cassie-
Baxter equation predicts the contact angle when the liquid droplet cannot penetrate rough pores on the 
surface, while the Wenzel equation is used for the case when the liquid droplet fully wets the surface. 
When intrinsic contact angles are lower than 90 degrees, the Wenzel state is thermodynamically 
favorable over the Cassie-Baxter state resulting in Cassie-Baxter to Wenzel transition over a certain 
period. 
The Cassie equation has been successfully used for many decades, but its limitations are still being 
investigated through various experimental and theoretical studies. Also, fabrication of robust surfaces 
sustaining the Cassie-Baxter state without transitioning to the Wenzel state for prolonged periods is still 
a challenging task. Therefore, in this work, we systematically investigated the Cassie equation and 
Cassie-Baxter to Wenzel transition. 
In Chapter 2, we measured water contact angles and analyzed droplet shapes to systematically 
investigate flat and chemically heterogeneous. A wide range of pattern sizes and spacings have been 
utilized to investigate the static contact angle changes due to chemical heterogeneity. 
In Chapter 3, we fabricated a concave pillar inspired by the structure of leaf beetle pulvilli, which have 
hydrophobic concave hairy structures exhibiting self-cleaning property. Photolithography, anisotropic 
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Chapter 1. Introduction 
 
1.1 Previous studies of Wetting phenomena 
Fabricating surfaces with a desired liquid wettability is an essential process in various industries, 
including self-cleaning,1 water-repellent fabric,2 medical devices,3 microfluidics,4-5 water/oil 
separation,6 ferroelectric insulators,7 anti-icing,8 gas evolution process,9-10 etc. The importance of 
wetting has been recognized for decades. Unexpected phenomena such as biofouling of ships, corrosion 
of pipes and bridges, and icing of airplanes lead to a huge cost loss. To prevent these phenomena, solid 
surfaces are artificially modified to have an appropriate wettability (hydrophobicity, hydrophilicity, 
oleophobicity, etc.). 
Hence, it is essential to understand wetting phenomena in surface chemistry. Prior investigations of 
wetting phenomena presumably began in the 18th century. Laplace and Poisson investigated the 
fundamental studies of capillarity (which is closely related to wetting).11-12 Notably, Young developed 
the relationship between contact angles and interfacial tension when a liquid is deposited on a solid 
surface,13 and then Gibbs proved this concept thermodynamically.14 Since then, it has been recognized 
that liquid behavior on a surface is dominated by competition among the solid-vapor, solid-liquid, and 
liquid-vapor interfacial tensions. Complete wetting of the fluid on the solid surface takes place when 
the spreading coefficient (Sslv) is positive.15 The spreading coefficient is expressed by 
                                              (1.1) 
In contrast, the liquid has a sessile drop shape (partial wetting or dewetting) on the solid surface when 
the spreading coefficient is negative, and the contact angle of the sessile drop is determined from 
Young’s equation (Section 1.3).16 
 
1.2 Measurement of the Wettability 
1.2.1 Goniometer  
The wettability is measured by the contact angles of fluid. When measuring contact angles, the general 
technique is a direct measurement of the tangent angle from the sessile drop profile using a goniometer 
(Figure 1.1). The goniometer consists of a camera, a horizontal stage for placing substrates, a light 
source, a and syringe to deposit the droplet. Droplet volume is controlled by computer software, and 
then the liquid droplet hanging from the syringe is gently deposited on the substrate. Next, the droplet 
image is captured by the camera, and the droplet profile image is analyzed in the software. This method 
is the most convenient method and has the advantage that contact angles can be measured even with 
small liquid droplets and substrates. 
However, the goniometer method results can be affected by contamination due to its size and be 
dependent on the droplet size since external forces such as gravity affect the droplet shape,17 so it has 
approximately a 2  error. Also, an enclosed cell is required to prevent contamination from the air and 
evaporation when measuring the contact angle of volatile liquids. 
 
 
Figure 1.1. Schematic of a goniometer. 
 
1.2.2 Capillary tube 
In a narrow capillary tube of circular cross section, the meniscus forms at the interface between two 
fluids (usually liquid, air) and consists of a sphere like surface having radius R (Figure 1.2). Capillary 
height h is expressed by 
                                          (1.2) 
where lv, g, and a are the surface tension of the liquid, the density of the fluid, the gravitational 
acceleration, and the radius of tube, respectively. The contact angle can be obtained by measuring h and 
a. This equation is acquired from the Young-Laplace equation, and it is known as the Jurin rule or Jurin 
height after James Jurin developed this effect in 1718.18-19 
 
 
Figure 1.2. Schematic of the cross section of a narrow capillary tube. 
 
1.2.3 Wilhelmy plate 
The Wilhelmy plate is used to measure the interfacial tension at a vapor-liquid (or liquid-liquid) 
interface.20 When a thin, flat plate (filter paper, glass or platinum) is immersed into a liquid vertically, 
the shift in weight and force due to the wetting and buoyancy are measured by a tensiometer or 
microbalance. The force F is represented by the Wilhelmy equation and expressed by 
                                       (1.3) 
where lv and l are the surface tension of the liquid and the length of the contact line which is perimeter 
of the plate (2w + 2d), w and d are the plate width and thickness, respectively,  is the contact angle, V 
is the volume of the liquid,  is the density difference between air and liquid, and g is the 
gravitational acceleration (Figure 1.3). Therefore, the contact angles can be easily obtained from the 
liquid surface tension and the perimeter of the plate. This method has the advantage that it can measure 
the contact angle of rods or fibers, which is hard to measure with the conventional method. 
 
Figure 1.3. Schematic of the Wilhelmy plate method. 
 
1.2.4 Axisymmetric Drop Shape Analysis (ADSA) 
There are a lot of methods to figure out the surface tension of liquid and contact angles from a deposited 
droplet and a captive bubble, but the deposited droplet deforms due to gravitational forces. Surface 
tension causes a droplet to be spherical, but gravitational forces flatten the droplet profile. This 
relationship between the surface tension and gravitational forces are represented in the Laplace equation, 
which provides the feasibility of obtaining the surface tension by investigating the droplet shape. Firstly, 
Bashforth and Adams investigated the droplet shape by using the Laplace equation,21 and since then, 
many studies have been developed.22-23 
The development of computers helped improve the drop profile analysis. The axisymmetric drop shape 
analysis (ADSA) has been studied since it was established by Rotenberg et al.24.25-26 This method has a 
reproducibility of 0.2  and is considered to be the most accurate technique to measure the contact 
angle. The main principle of this method is to match the experimental droplet profile to the most suitable 
theoretical profile. There are two fundamental assumptions.27 
(i) The droplet is Laplacian and axisymmetric. 
(ii) The only external force is gravity. 
The algorithm finds the surface tension that forms the theoretical shape which best corresponds the 
droplet shape. 
 
1.3 Young’s Equation 
When a liquid droplet is deposited on a flat and homogeneous surface (Figure 1.4), it has a spherical 
shape due to interfacial tension of liquid and vapor. The contact angle is established at the liquid-solid-
vapor intersection, which is called the “three phase contact line (TCL).” On hydrophilic surfaces, water 
droplets have low contact angles, and water droplets have high contact angles on hydrophobic surfaces. 
This contact angle is predicted by Young’s Equation13 and expressed by 
                                              (1.4) 
where sv, sl, and lv are the interfacial tensions of solid-vapor, solid-liquid, and liquid-vapor, 
respectively. Young’s equation is used to roughly predict how the liquid will wet the surface, but this 
equation can only predict contact angles on ideal surfaces (smooth, homogenous, rigid, and inert 
surfaces). However, in real life situations, substrates generally have physical roughness and chemical 
heterogeneities, so other equations have been developed. 
 
     
Figure 1.4. Schematic of a liquid droplet on a flat and homogeneous surface. 
 
1.4 Other Equations 
Real surfaces have physical roughness and chemical heterogeneities. When a surface is flat and 
chemically heterogeneous, the contact angle can be predicted by the Cassie equation28 (Figure 1.2a). 
The Cassie equation is expressed by 
                            (1.5) 
where f1, f2 and 1, 2 are the area fractions and intrinsic contact angles of each material, respectively, 
and f1 + f2 = 1. 
In other cases, when surfaces have physical roughness, there are two states. First, the liquid wets the 
surface entirely so there is only the solid-liquid interface under the liquid droplet (Figure 1.2b). In this 
state, the Wenzel equation29 is used to predict contact angles, and it is expressed by 
                                              (1.6) 
where r and  are the roughness factor, which is the ratio of the real area of the solid to the projected 
area, and intrinsic contact angle, respectively. In the Wenzel state, liquid droplets generally have low 
mobility, so the droplets are pinned on the surface. 
Second, air is trapped under the liquid droplet, so solid-vapor, solid-liquid, and liquid-vapor interfaces 
exist under the droplet. In this case, the Cassie-Baxter equation30 is used to calculate the contact angle, 
and it is expressed by 
                            (1.7) 
where f and  are the area fraction and intrinsic contact angle of the solid, respectively. This equation is 
similar with the Cassie equation, but the second material is air. In the Cassie-Baxter state, liquid droplets 
generally have large contact angles and high mobility. 
In addition, there are many other equations. for example, modified Cassie equations which consider 
line tension,31 molecular-sized patches,32 and other factors.33-37 Additionally, modified Wenzel equations 
have also been developed.38-39 However, the above three equations are widely used to predict contact 
angles due to their ease of application. 
 
 
Figure 1.5. (a) Schematic of a liquid droplet on a flat and chemically heterogeneous surface. (b) the 
Wenzel state. (c) the Cassie-Baxter state. 
1.5 Contact Angle Hysteresis 
In real situations, there are many contact angles in metastable states, so static contact angles are not 
sufficiently enough to describe wetting phenomena. The contact angle hysteresis is obtained from 
dynamic contact angles. When the liquid droplet expands, the TCL advances forward, and dynamic 
contact angles are formed, and this dynamic contact angle is called the advancing contact angle, a. 
Conversely, when the liquid droplet is withdrawn, the TCL recedes back, and this dynamic contact angle 
is called the receding contact angle, r. On the other hand, when the droplet is sliding, the forward angle 
refers to the advancing contact angle and the rear angle refers to the receding contact angle. An 
advancing contact angle has the maximum contact angle while a receding contact angle has the 
minimum contact angle, and the contact angle hysteresis is defined as the difference between advancing 
angles and receding angles. 
The contact angle hysteresis has been studied recently.40-41 If a surface is an ideal solid surface which 
is a smooth, homogeneous, rigid, and inert surface, there is no contact angle hysteresis. However, if 
physical roughness or chemical heterogeneity exist, then the surface has an energy barrier on the 
hydrophobic patch or the air layer caused by roughness.42 This energy barrier pins the TCL, so when 
advancing, it leads to an inclement of the dynamic contact angle. Conversely, when receding, it leads 
to a decrease of the dynamic contact angle.  
Chapter 2. Revisiting Cassie equation 
 
The Cassie equation is the most widely used equation which predicts the contact angle on the chemically 
heterogeneous, flat, and smooth surfaces. However, Gao and McCarthy raised the question about the 
validity of the Cassie equation by using Extrand’s experiment.43-44 They demonstrated that the contact 
angle is not affected by the three-phase contact area (TCA) instead of three-phase contact line (TCL). 
Since then, modified Cassie equations which include the TCL fraction have been developed and various 
follow up studies showed the importance of the contact line.34, 37, 45-48 
However, it is difficult to obtain the line fraction experimentally, so researchers generally applied the 
Cassie equation to calculate the contact angles of chemically heterogeneous and flat surfaces because 
it is accurate when the heterogeneity size is sufficiently smaller than the water droplet size.49-51 Although 
the Cassie equation is still being used, it is crucial to know that there are two conditions that need to be 
met for the Cassie equation to be applied. 
(i) the droplet size is sufficiently larger than the heterogeneous patch size. 
(ii) heterogeneous patches are uniformly distributed. 
There are several studies regarding the first condition that are investigated by using simulations having  
nano-scale heterogenities.52-56 In experimental results, although nano-scale heterogeneities are 
sufficiently smaller than the droplet size, there are discrepancies between the Cassie contact angles and 
measured contact angles due to the hydrophobic effect.57 Therefore, it is crucial to investigate the 
heterogeneous surface having micron-scale heterogeneities and to compare with heterogeneous surface 
with nano-scale heterogeneities. In this work, the heterogeneous surface is investigated systematically 
by obtaining both experimental results (micron-scale) and simulation results (nano-scale) to fully 
understand the applicability of the Cassie equation in real situations. 
 
2.1 Experimental 
Preparation of chemically heterogeneous surfaces. Figure 2.1a represents a schematic of the 
preparation of chemically heterogeneous surfaces. A 4-inch silicon wafer (P-type, 100) was thermally 
oxidized to a thickness of 1.69 m in the furnace (KHD-306, KSM). The wafer was immersed in a 3:1 
sulfuric acid to 30% hydrogen peroxide solution for 30 min at 80 . Following this, it was rinsed with 
deionized (DI) water and dried using a nitrogen gun. Photoresist (AZ5214E) was spin coated on the 
silicon dioxide, and the photoresist was baked, exposed by ultraviolet (UV) light (MA/BA6-8, Suss 
Microtec), and developed (AZ 300 MIF Developer), so a hexagonal array circle pattern was made. 
Trichloro-(1H, 1H, 2H, 2H-perfluorooctyl) silane (FOTS), which has about a 100-degree contact angle 
was deposited by a SAM coater (AVC – 150, SORONA) from the vapor phase, and then the photoresist 
was removed by using acetone. Following this, it was rinsed with DI water and dried using a nitrogen 
gun. Therefore, the circle was FOTS and the rest of the surface was silicon dioxide. A lot of samples 
ranging from 2 to 1500 m in diameter D and from 4 to 7500 m in center-to-center spacing L between 
circle patterns were made (Figure 2.1b). 
 
Contact angle measurement. Figure 2.1b represents a photograph of a water droplet deposited on the 
chemically heterogeneous surface. The water contact angle of fabricated samples was measured by 
using a goniometer (Phoenix 300, SEO) in at least five different positions per sample for statistical 
analysis. DI water droplets with a volume of 6 L hanging from the syringe were gently deposited on 
the samples. Contact angles were measured parallel to the rows because contact angles differ according 
to the viewing angle.58 The water droplets deformed significantly on the samples with large diameter, 
so we measured contact angles by averaging the left and right contact angles. 
 
Atomic Force Microscopy (AFM). AFM (MultiMode V, Veeco) was used to confirm the uniformity 
of silicon dioxide and the height of the FOTS layer. 
 
Optical microscopy (OM). An optical microscope (Axio Scope A1, ZEISS) was used to observe the 
hexagonal array patterns. Since the FOTS is transparent, patterns were observed before the removal of 
the photoresist, and the images of the patterns are overlapped with droplet images by using an image 
software. 
 
Figure 2.1. (a) Schematic of the preparation of the smooth and chemically heterogeneous surface: (i) 
photolithography to make a hexagonal array circle pattern and (ii) FOTS silanization on the pattern. (b) 
Photograph of a deposited droplet on the smooth and chemically heterogeneous surface and inset is the 
patterned surface. Photograph of the patterned surface is observed before the photoresist is removed. 
Scale bar in the inset is 500 m. 
  
2.2 Result and Discussion 
To confirm the flat, smooth, and chemically heterogeneous surface, we measured the root-mean-square 
roughness using AFM. The root-mean-square roughness of the silicon dioxide and the FOTS layer are 
0.296 nm, 2.13 nm, respectively, and the height of the FOTS is ~15 nm. Hence, the roughness effect on 
the apparent contact angle is negligible since the pattern height is sufficiently small compared to the 
lateral dimension ( 2 m) of the patterns. 
Patterned surfaces with various pattern sizes (D = 2 – 1500 μm) and center-to-center spacings (L = 4 
– 7500 μm) (Figure 1b) were fabricated to systematically investigate the effects of D and L on the static 
contact angles. A total of 67 samples were made (Table 2.1) and all contact angles were measured in a 
parallel direction, which is because the apparent contact angles can vary depending on the viewing 
angles58 or when pattern sizes are large. 
 
Table 2.1. All samples used in measuring contact angles. 
Sample number D, m L, m f (FOTS) D/L 
1 2 4 0.227 0.500 
2 2 6 0.101 0.333 
3 2 8 0.057 0.250 
4 2 12 0.025 0.167 
5 2 16 0.014 0.125 
6 2 24 0.006 0.083 
7 6 12 0.227 0.500 
8 6 18 0.101 0.333 
9 6 24 0.057 0.250 
10 6 36 0.025 0.167 
11 6 48 0.014 0.125 
12 6 72 0.006 0.083 
13 10 20 0.227 0.500 
14 10 30 0.101 0.333 
15 10 40 0.057 0.250 
16 10 60 0.025 0.167 
17 10 80 0.014 0.125 
18 10 120 0.006 0.083 
19 20 40 0.227 0.500 
20 20 60 0.101 0.333 
21 20 80 0.057 0.250 
22 20 120 0.025 0.167 
23 20 160 0.014 0.125 
24 20 240 0.006 0.083 
25 40 42 0.823 0.952 
26 40 49 0.604 0.816 
27 40 60 0.403 0.667 
28 40 75 0.258 0.533 
29 40 80 0.227 0.500 
30 40 120 0.101 0.333 
31 40 160 0.057 0.250 
32 80 84 0.823 0.952 
33 80 98 0.604 0.816 
34 80 120 0.403 0.667 
35 80 150 0.258 0.533 
36 80 160 0.227 0.500 
37 80 240 0.101 0.333 
38 80 320 0.057 0.250 
39 160 170 0.803 0.941 
40 160 196 0.604 0.816 
41 160 240 0.403 0.667 
42 160 320 0.227 0.500 
43 160 480 0.101 0.333 
44 160 640 0.057 0.250 
45 160 1280 0.014 0.125 
46 320 340 0.803 0.941 
47 320 392 0.604 0.816 
48 320 480 0.403 0.667 
49 320 640 0.227 0.500 
50 320 960 0.101 0.333 
51 320 1280 0.057 0.250 
52 320 2560 0.014 0.125 
53 640 680 0.803 0.941 
54 640 784 0.604 0.816 
55 640 960 0.403 0.667 
56 640 1280 0.227 0.500 
57 640 1920 0.101 0.333 
58 640 2560 0.057 0.250 
59 640 5120 0.014 0.125 
60 1000 1250 0.580 0.800 
61 1000 1667 0.326 0.600 
62 1000 2500 0.145 0.400 
63 1000 5000 0.036 0.200 
64 1500 1875 0.580 0.800 
65 1500 2500 0.326 0.600 
66 1500 3750 0.145 0.400 
67 1500 7500 0.036 0.200 
 
 
Figure 2.2 shows the cosine of measured contact angles corresponding to the ratio between the pattern 
diameter and distance between patterns, D/L. The solid line and dashed line indicate Cassie equation 
and Israelachvili-Gee model,32 respectively. The measured Young contact angles of the FOTS and the 
silicon dioxide are 99.0° and 40.2°, respectively. 
As the diameter of the pattern increases, the difference between the experimental contact angle and 
the Cassie angle also increases. When D  80 μm, the measured contact angles are consistent with 
angles obtained from the Cassie equation. Moreover, the standard deviation of the measured contact 
angles is small, indicating that (i) apparent contact angles are barely affected by the position where the 
droplet is placed, and (ii) droplets are axisymmetric. Conversely, when D  160 μm, deviation 
between the Cassie angle and the measured angle is relatively high. Also, a larger standard deviation of 
apparent contact angles is measured compared to that of samples where D  80 m. 
 
 
Figure 2.2. Cosine of the measured contact angles versus pattern diameter/distance between patterns, 
D/L, of (a) all samples, (b) samples with small pattern size (D  80 m) and (c) samples with large 
pattern size (D  160 m). Contact angles measured on samples with diameters less than 80 m are 
represented by blue, and the contact angles measured on samples with diameters greater than 160 m 
are represented by red. Each point is the averaged value of at least five different positions and the error 
bar indicates the standard deviation. Solid and dashed curves correspond to the Cassie equation and the 
Israelachvili-Gee model,32 respectively. 
 
Another important point to note is that large D/L values result in large deviations from the Cassie 
equation but for small D/L, the measured contact angles are relatively consistent with the Cassie angles 
even in the case of large pattern diameters. The spacing between the pattern centers (L) is large 
compared with the water droplet size when the diameter of the pattern is large, so most of the droplet 
can be located, due to the size of the sample, at a portion where there is little hydrophobic region 
according to the position of the deposition. Figure 2.3a, b shows that for samples where the pattern size 
is 1000 or 1500 m, when D/L is 0.2, the spacing between the patterns is large (5 mm – 7.5 mm, table 
2.1) and the hydrophobic portion is small, due to the sample size, and spacing is large compared to the 
water droplet size (~3.7 mm, figure 2.7). Therefore, most water droplets could be deposited on silicon 
dioxide surfaces with almost no FOTS patterns. In contrast, with large D/L (Figure 2.3c-d), there are 
many hydrophobic patterns, and these patterns affect the water droplet base line. Hence, the water 
droplet is considerably deformed (figure 2.7) by the pinning effect of the hydrophobic patterns, so 
measured contact angles have large deviations from the Cassie equation and large standard deviations 
according to the deposited positions. Figure 2.4 shows that when the spacings are larger than the droplet 
size (represented by red triangles), there are small discrepancies between the measured contact angles 
and the Cassie angles, but when the spacings are smaller than the droplet size, water droplet base lines 
are affected by hydrophobic patterns and deformed, so discrepancies and standard deviations become 
larger in the case of large pattern diameters. 
 
 
Figure 2.3. Design of the photomask. D/L are 0.2 (a, b), and 0.6 (c, d), respectively, when pattern 
diameters are 1000 m and 1500 m. Each sample’s size is 8 mm x 9 mm, and FOTS, which is 
represented by black, is deposited on silicon dioxide, which is represented by red. 
Figure 2.4. Cosine of the measured contact angles versus pattern diameter / distance between patterns, 
D/L, according to the distance between patterns. Solid curve corresponds to the Cassie equation. 
 
To investigate the discrepancies between the measured contact angle and the Cassie equation in more 
detail, the absolute value of the averaged differences between the cosine values of measured contact 
angles and Cassie angles, cos= | cosCA-cos|, are plotted against the diameter of the pattern (Figure 
2.5, plot of the deviations from the Israelachvili-Gee model32 is in Figure 2.6). The plot shows that the 
cos increases as the pattern diameter increases. Also, the standard deviation of cos tends to 
increase according to the increment of the diameter, which is shown by larger errors bars at large D 
values. 
When the diameter of the pattern is smaller than 320 m (represented by blue), deviations from the 
Cassie equation and standard deviation are small. However, when the diameter of the pattern is larger 
than 640 m (represented by red), discrepancies from the Cassie equation and standard deviations are 
much larger compared to that of D  320 m. The large values of cos and the standard deviation 
indicates that the measured contact angles highly depend on the position where water is deposited even 
for the same samples, which result in the deformation of the shape of water droplets. Indeed, the droplets 
deposited on the patterns having D  640 m show non-circular shapes (Figure 2.7i), which seemed 
to be deformed along the circular patterns. Therefore, it is obvious that predicting the contact angle with 
the Cassie equation is difficult, as the pattern diameter is larger than 640 m when 6 L of water droplet 
is used (which approximately has DDB = 3.87 mm, when the contact angle is ~ 52.0 ). 
 
 
Figure 2.5. The absolute value of the averaged deviations between the experimental value and the 
Cassie equation for each diameter versus pattern diameter, D. Squares show the absolute value of the 
averaged deviation and the vertical lines on each plot indicate the standard deviation. The red solid line 
is a linear regression fit obtained by the least square method. The deviation and the standard deviation 
increase according to the increase in diameter. 
 
 
Figure 2.6. The absolute value of the averaged deviations between the experimental value and the 
Israelachvili-Gee model for each diameter versus pattern diameter, D. Squares show the absolute value 
of the averaged deviation and the vertical lines on each plot indicate the standard deviation. The 
continuous red line is obtained by the least square method. The deviation and the standard deviation 
increase according to the increase in diameter. 
 
Figure 2.7 shows the shape of the water droplets as a function of pattern diameter. Droplets, deposited 
on the substrate with D/L of 0.5 for D = 2 – 640 m and 0.6 for D = 1000, 1500 m, were observed 
with the optical microscope for each diameter. Images show the relationship between the degree of 
deformation and the deviation from the Cassie equation, and the deformation of the TCL of the droplet 
along the hydrophobic patterns by the pinning effect.42 When the diameter of the pattern is smaller than 
320 μm, there are some distortions, but the droplet has a nearly circular shape (Figure 2.7a-h). However, 
when the diameter of the pattern is greater than 640 m, the shape of the droplet completely deviates 
from the shape of a circle (Figure 2.7i-k). It results in a large deviation from the Cassie equation and 
large standard deviations due to various shapes (Figure 2.5). Therefore, when the droplet shape deviates 
greatly from the circle, it is difficult to predict the contact angle by using the Cassie equation.  
The ability to deposit water droplets having a specific shape is advantageous for printing applications, 
including ink-jet printing59 and liquid metal printing.60 This work presents the ratio between droplet 
volumes and pattern size to show a hexagonal shape droplet in a heterogeneous and flat surface. The 
droplet shape is distorted to become more hexagonal when the pattern diameter is 40 m (Figure 2.7e), 
and when the pattern diameter is 80 m (Figure 2.7f), the droplet shape becomes a hexagonal. The 
hydrophobic pattern with hexagonal array has a sixfold symmetry energy barrier in the rows, and this 
energy barrier prevents the contact line from advancing any further. Consequently, when the pattern 
diameter is 80 m, the energy barriers of the rows are greater than the surface tension of the droplet, 
and this results in a hexagonal shape.61 However, when the pattern diameter becomes greater than 80 
m, the energy barrier of each individual pattern, not rows, becomes large enough to prevent the contact 
line from advancing. As a result, the droplet loses the hexagonal shape, but maintains a shape 
resembling a circle. Therefore, when the 6 L water droplet is deposited on the hexagonal array 
heterogeneous surface having 80 mm pattern diameter, water droplets have a hexagonal shape 
regardless of where they are deposited. 
 
 
Figure 2.7. Photograph of the water droplet on the chemically heterogeneous surfaces with D/L of 0.5 
for 2 – 640 m diameters (a-i) and 0.6 for 1000, 1500 m diameters (j, k). Due to the transparency of 
the FOTS, water droplets and patterns were obtained separately, and then photographs were combined 
in the image software. 
 
Previous papers compared the size of the heterogeneity with droplet volume or droplet base diameter 
before deposition.52-53, 56, 62 However, it is significant to know the correlation between the heterogeneity 
size and base diameter after deposition because even with the same volume, they have different 
diameters depending on the interfacial tension of the substrate.  
Figure 2.8 shows the absolute values of deviations in all samples versus the ratio of the pattern 
diameter D to the droplet base diameter DDB, α = D/DDB (plot of the deviations from Israelachvili-Gee 
model32 is in Figure 2.9). The deviation increases as α increases but there are some outliers which are 
indicated by dashed line circle. The reason for this is the same as that described above. Due to the 
sample size, the heterogeneous surfaces behave like homogeneous surfaces since there is large spacing 
between patterns, L. Some of the droplets can be placed only on a silicon dioxide surface while other 
droplets are placed over surfaces containing both silicon dioxide and FOTS. Therefore, there are large 
standard deviations in patterns with large diameter (Figure 2.5), and it is difficult to predict the contact 
angle with the Cassie equation, even if these outliers show small difference values. It seems that the 
critical ratio αcritical is ~0.17. When the ratio α becomes larger than ~0.67, experimentally measured 
contact angles don’t give a good agreement with the Cassie equation with the exception of outliers. 
 
 
Figure 2.8. Average of the absolute value of the deviation between the experimental value and the 
Cassie equation versus the ratio α = D/DDB (pattern diameter/droplet base diameter). The continuous 
red line is obtained by a least square method except for the three points in the dashed circle. The 




Figure 2.9. Average of the absolute value of the deviation between the experimental value and the 
Israelachvili-Gee model versus the ratio α = D/DDB (pattern diameter/droplet base diameter). The 
continuous red line is obtained by a least square method. The deviation increases according to the ratio. 
 
Before obtaining the droplet base diameter, DDB, we assumed that (i) gravitational forces can be 
neglected and (ii) all droplets are considered truncated spheres. Based on simple geometry analysis, the 
volume of a truncated sphere is expressed by 
             (2.1) 
where V is the volume of the truncated sphere, r is the radius of the truncated sphere, and  is the 
measured contact angle. The radius of the truncated sphere is given by: 
                 (2.2) 
                      (2.3) 
When equation (7) and (9) are combined, 
               (2.4) 
                     (2.5) 
 
 
Figure 2.10. Obtaining the droplet base diameter on a chemically heterogeneous surface. 
 
2.3 Conclusion 
In chapter 2, we measured static water contact angles on smooth and chemically heterogeneous surfaces 
and these surfaces are systematically investigated. The deviation, between the measured contact angles 
and the Cassie equation, and the standard deviations increase with the increase of pattern diameter. 
When pattern diameter is greater than 640 m, the measured contact angles largely deviate from the 
Cassie equation. With a diameter of 640 m, the energy barrier of an individual hydrophobic pattern is 
larger than the surface tension. Hence, droplet shapes have a large deviation from a circular shape and 
it is obvious that predicting the contact angle with the Cassie equation is difficult, as the pattern diameter 
is larger than 640 m when a 6 L water droplet is used. Moreover, at the ratio between water droplet 
volume and pattern size (V = 6 L, D = 80 m), droplets have a hexagonal shape due to the energy 
barrier of the hydrophobic pattern with a hexagonal array and it is advantageous for printing application. 
Also, when the ratio between the diameter of the water droplet base and the pattern diameter is greater 
than ~0.17, the Cassie equation is no longer valid.  
This work provides a better understanding for the fundamental wetting behavior of liquids on the 
smooth, flat and chemically heterogeneous surfaces, and criteria in which the Cassie equation can 
predict contact angles. However, it requires additional analysis that contact angles are compared with 
the modified Cassie equation that includes line fractions, instead of area fractions, by using the 
simulation. 
 
2.4 CGMD simulation 
Coarse- Grained molecular dynamics (in collaboration with professor Sang Kyu Kwak’s groups). 
FOTS pattern on SiO2 layer was modeled with pattern diameter 2.0 and 16.2 nm, which were 
correspond to 80 and 640 m of experimental systems, respectively. For diameter of 2.4 nm model, 12 
models were constructed with changing the ratio of diameter of the pattern D to pattern spacing L from 
D/L = 0.083 to 0.5.  
Pattern with diameter 16.2 nm model was modeled when D/L is 0.5 and contact angle was measured 
with changing initial position of water droplet on surface. SiO2 layers were kept constraint and periodic 
boundary condition was applied in x and y directions, and the thickness of SiO2 layer was set to 2 nm 
to prevent self-interaction of water across the layer. Droplet diameter was set to 60 nm and the x and y 
length of SiO2 layer are established to three times of droplet size, and system size was constructed 
1800×1800×1200 nm3.  
Water, FOTS, and SiO2 layer were described by Martini forcefield,63 which used four to one mapping, 
where four heavy atoms were grouped into one bead. In our simulation, to represent water contact angle 
(i.e., 110 ˚) on fully FOTS coated surface,64 a new forcefield type for fluorinated carbon atoms was 
added by modifying forcefield from Mannelli et al.’s work.65 Bond and angle potentials for FOTS 
molecule on SiO2 surface were parameterized by comparing bond and angle probability distribution of 
all-atom, which used COMPASS forcefield,66 and coarse-grained models. It is notable that FOTS 
attached to SiO2 surface in a monodentate form was used in our simulation.  
NVT simulation was performed for 60 ~ 155 ns with 20 fs timestep, and last 5 ns was analyzed for 
contact angle measurements. Temperature was controlled by Berendsen thermostat at 298 K. LAMMPS 
was used for simulations of contact angle measurement,67 Forcite module in Material Studio was used 
for fitting the bonding potential of FOTS molecule.68  
To measure the contact angle of water droplet, density between liquid and vapor interface was divided 
by following equation 
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where, ρ(z) is the density profile across the interface; ρl and ρv are bulk liquid density and bulk vapor 
density; ze, z, and d are the height of the equimolar dividing surface, the distance above the solid surface, 
and the thickness of interface, respectively. After liquid-vapor interface was fitted, we used circular fit 
equation for measurement of contact angle. 
Figure 2.11 represents the cosine of the contact angles using CGMD simulation and interaction energy, 
Eint, versus pattern diameter/distance between patterns, D/L, at D = 2 nm which corresponds to D = 80 
m in the experimental systems. The simulation results show good agreement with the Cassie equation, 
which is same with the experimental results (Figure2.2), except for D/L = 0.5. When D/L is 0.5, the 
experimental result agrees with the Cassie equation, but the simulation result disagrees with the Cassie 
equation and the experimental result. The reason for this is that in the simulation, the deposited FOTS 
is calculated to have full coverage, which results in a contact angle of 110 degrees, while the experiment 
cannot have full FOTS coverage, which results in a contact angle of 100 degrees. When the spacing is 
large, the coverage of FOTS does not have a considerable effect on the contact angle, but when spacings 
decrease, the FOTS-water interaction energy increases, which has a significant effect on the contact 
angle. Therefore, due to this coverage effect, it is assumed that the simulation values differ from the 
experimental values when D/L increases. 
 
 
Figure 2.11. Cosine of the contact angles using CGMD simulation (represented by black) and 
interaction energy, Eint (represented by blue) versus pattern diameter/distance between patterns, D/L at 
D = 2 nm. Dashed curve corresponds to the Cassie equation. This simulation result is obtained in 
collaboration with professor Kwak’s group. 
 
Figure 2.12 shows water droplets deposited at different positions on a simulated surface with D/L = 
0.5 for D = 16.2 nm, which corresponds to 640 m in the experimental system. Like the experiment, 
the water droplet shape largely deviates from a circular shape, and Figure 2.12e shows a droplet shape 
that is similar with the experimental result (Figure 2.7i). Additionally, the contact angles of the 
simulation are similar with the experimental result (52.0  2.3 ). 
 
Figure 2.12. Water droplet morphology according to differing droplet positions. Initial model systems 
with D/L of 0.5 for D = 16.2 nm (which corresponds to 640 m in the experimental system) depending 
on the initial position of the water droplets (a-c) and the water droplets after 100 ns (d-f). The final 
equilibrium contact angles are shown below. This simulation result is obtained in collaboration with 
professor Kwak’s group. 
 
Chapter 3. Robust superhydrophobic surfaces via Concave pillar 
 
Robust superhydrophobic surfaces 
Hydrophobic surfaces provide the water repellency property which allows water to be easily expelled, 
and this property is used in a vast amount of applications including self-cleaning,1 anti-icing,8 anti-
biofouling,3 anticorrosion,69-70 etc. This unique property is inspired by the lotus leaf,71 and this leaf 
provides low hysteresis and has inspired many artificial surfaces. This property is achieved by a layer 
of air under the liquid, and this state is referred to as the Cassie-Baxter state.30 However, due to external 
pressure, vibration, droplet impact, and droplet evaporation, air layers can disappear or easily dissolve 
into water,72-74 so liquids penetrate into the pores and fully fill them. This state is referred to as the 
Wenzel state, where there no air layer under the liquid, and this surface has high hysteresis, so water is 
pinned on the surface. 
In many applications, a sticky surface where the water is pinned on the solid surface and has limited 
mobility, is not desirable, so it is crucial to stabilize the air layer under the liquid. Also, there have been 
several structures developed to stabilize the air layer under the droplet, including doubly re-entrant 
pillars inspired by the skin of a springtail,75-77 doubly re-entrant inspired cavities,78 a salvinia structure 
which has a hydrophilic tip on a hydrophobic pillar,79-80 etc. However, it is difficult to maintain the 
Cassie-Baxter state without fluorocarbon coating in pillars, and hard to fabricate the cavities structure. 
Hence, I found the pulvilli of the leaf beetle which have a concave-like structure and mimicked this 
structure. Herein, I developed a method to fabricate concave pillar structures and study the 
characteristics of these structures. The bioinspired concave pillar structures not only help to develop 
robust and stable superhydrophobic surfaces but also advance the understanding behind the Cassie 
Baxter to Wenzel transition phenomena. 
 
Pulvilli of leaf beetle 
Lepidoptera species have a well-developed palmula at the end of their tarsus for locomotion. 
Furthermore, Lepidoptera, Tettigonidae, and Coccinellidae families have a special organ called pulvilli 
that is located near the palmula which secretes an adhesive Binghem fluid. This organ has a unique 
microstructure that helps with their locomotion and helps to exclude contaminants. Lepidoptera species 
have evolved so their setae not only enhance their locomotion ability by expanding the interfacial 
surface of setae but also eliminate contaminants which can interrupt their efficient moving.  
In particular, the setae that grow up on the pulvilli have concave-like structures (Figure3.2 a-c). This 
microstructure contributes to the locomotion of the leaf beetle and has a self-cleaning function to 
remove contaminants that may interfere with movement.81 This unique and well-developed concave 
structure can help a biomimetic surface obtain the self- cleaning ability. 
 
Concave pillar 
In this work, we present a method to fabricate robust hydrophobic surfaces possessing a concave on the 
top of pillars by using lithographic and etching techniques (Figure 3.2). This success is attributed to wet 
etching using a potassium hydroxide (KOH) and isopropyl alcohol (IPA) solution, and then a nitric acid 
(HNO3) and hydrogen fluoride (HF) solution,82 as well as Cr sputtering for the mask. A hexagonal array 
silicon dioxide mask is prepared by photolithography and dielectric ICP, and it is etched in using a KOH 
and IPA solution. KOH is used as the anisotropic etchant of silicon, where the (111) plane of silicon is 
etched more slowly than other planes, so silicon is etched in an inverted pyramid shape (Figure 3.1a). 
KOH can etch the photoresist, so silicon dioxide is used as a mask for KOH etching. When IPA is added 
to KOH etchant, the etch rate is decreased and concaves with a rounder surface and shallow bottoms 
can be obtained. Next, the isotropic etching process using a HNO3 and HF solution makes the concaves 
round. After the KOH etching process, Cr is deposited on the surface, and then silicon dioxide is etched 
in buffered oxide etcher (BOE). Since the photoresist is peeled off in the BOE, Cr is used as a mask in 
the Bosch process. In the lift-off process, generally evaporation is used,83 but in this work, sputtering is 
used for a high step coverage to cover the concave under the silicon dioxide. Finally, the sample is 
etched in the deep Si etcher and Cr is etched in the Cr etchant. 
 
 
Figure 3.1. (a) Schematic of potassium hydroxide (KOH) etching. KOH etches the silicon but the (111) 
plane is etched at a slower rate. (b) FE-SEM image of a concave after KOH and isopropyl alcohol (IPA) 
solution etching followed by nitric acid (HNO3) and hydrogen fluoride (HF) solution etching. The scale 
bar is 10m. 
 
3.1 Experimental 
Preparation of concave pillar. Figure 3.2d represensts a schematic of the preparation of a concave 
pillar. A 4-inch silicon wafer (P-type, 100) was thermally oxidized to a thickness of 1.69 m in the 
furnace (KHD-306, KSM). Afterwards, the wafer was immersed in a 3:1 sulfuric acid and 30% 
hydrogen peroxide solution for 30 min at 80 . Following this, it was rinsed using deionized (DI) 
water and dried using nitrogen gun. Photoresist (DPR-i1549) was spin coated on the silicon dioxide, 
and then the photoresist was baked, exposed to ultraviolet (UV) light (MA/BA6-8, Suss Microtec), and 
developed (AZ 300 MIF Developer). A dielectric ICP etcher (FABstar, TTL) etched silicon dioxide 
which was used as a mask for silicon etching. Silicon was etched using potassium hydroxide (KOH) 
and isopropyl alcohol (IPA) under four conditions. 
(i) 5M KOH + IPA (80:20 by volume ratio) at 70  for 10 min 
(ii) 5M KOH + IPA (80:20 by volume ratio) at 70  for 15 min 
(iii) 5M KOH + IPA (85:15 by volume ratio) at 70  for 10 min 
(iv) 5M KOH + IPA (90:10 by volume ratio) at 70  for 10 min 
Wet etched silicon was rinsed using DI water and dried using a nitrogen gun, and then immersed in 
the 5:1 by volume ratio of pure nitric acid (HNO3) to 40wt% hydrogen fluoride (HF) for 3 min to make 
the concave an inverted truncated sphere shape and rinsed using DI water and dried using a nitrogen 
gun.82  
Cr was deposited on the etched samples to a thickness of 4000 Å by using a DC sputter (SRN-120, 
SORONA). The lift-off process is conducted by an e-beam evaporator,84 but in this experiment, the 
sputter was used to cover the silicon under the silicon dioxide due to difference in kinetic energy. Cr 
was used as a mask for silicon etching. Silicon dioxide was etched in buffered oxide etcher (BOE) 
solution for 10 min, and then silicon was etched by using a deep Si etcher (Tegal 200, Tegal France). 
The condition of the deep Si etcher is presented in Table 3.1. After Cr was etched in chromium etchant 
(Sigma Aldrich), FOTS was coated in the SAM coater (AVC – 150, SORONA). 
 
Preparation of normal pillar. Potoresist (AZ nLOF2035) was spin coated on the silicon wafer. 
Following this, the photoresist was baked, exposed to ultraviolet (UV) light, and developed. Silicon 
was etched by using a deep Si etcher (Tegal 200, Tegal France). The normal pillar was also etched under 
the same conditions as the concave pillar in the deep Si etcher. Next, the wafer was immersed in the 3:1 
of sulfuric acid and 30% hydrogen peroxide solution for 5 min at 80 , and then it was rinsed with DI 
water and dried using a nitrogen gun, and FOTS was coated in the SAM coater. 
 




 First cycle Second cycle Third cycle 
Power (W) 3000 3000 3000 
SF6 (sccm) 0 0 300 
C4F8 (sccm) 150 0 0 
O2 (sccm) 0 80 0 
Cycle time (second) 1 0.5 3 
Total time (minute) 4 - 6 
Contact angle measurement. Before FOTS coating, water contact angles the concave pillars were 
measured by using a goniometer (DSA100-S, KRUSS) in at least five different positions on each sample 
for statistical analysis. DI water droplets with a volume of 6 L hanging from the syringe were gently 
deposited on the samples. Contact angles were measured parallel to the rows because contact angles 
differ according to the viewing angle.58 
 
Field Emission Scanning Electron Microscope (FE-SEM). The shape of concave pillars and normal 
pillars, as well as the depth of a concave and the height of pillars were observed by using a FE-SEM 
(Hitachi S-4800, Hitachi). 
 
Air injection test. DI water was poured into the beaker and samples were immersed in water. In the 
Cassie-Baxter state, the trapped air reflects light, so samples were observed to be a bright silver color. 
Then, air is repeatedly injected on the surface of samples. In the Wenzel state, there is no trapped air, 
so samples were observed to be dark.80 
 
Cassie-Baxter to Wenzel Transition rate measurement. Optical microscopy (Edmund Optics) was 
used to observe the transition from the Cassie-Baxter state to the Wenzel state. DI water is poured into 
glass chamber (coated by FOTS), and then samples were put into the glass chamber gently. Next, this 
glass chamber was placed under the microscope. It took 10 seconds to rearrange the sample and focus 
the sample after samples were immersed in water. For the first 10 minutes, images were taken at 1 frame 
per second, and then at 1 frame per 5 minutes. The Cassie-Baxter to Wenzel transition is recorded for 
24 hours. Each image is analyzed using Image J. When the sample is in the Cassie-Baxter state, it is 
seen as bright, but when the sample is in Wenzel state, it is seen as dark. The edge of the sample and 
the generated air bubbles were excluded from the analysis. To avoid the influence of temperature, this 
experiment was conducted in a room where temperature and humidity were maintained.  
 
Dissolved air concentration control. 0% aerated water was prepared using a glass vial and Teflon tape. 
DI water was poured into the glass vial, and then Teflon tape and a magnetic bar were put into the glass 
vial. The glass vial was placed on a stirring plate while a vacuum was applied for 2 hours inside the 
vial. Aerated water was prepared using argon gas. The DI water in the glass vial was in contact with 
argon gas for 2 hours. 
 
Figure 3.2. (a-c) Photograph of a leaf beetle insect, and field emission scanning electron microscope 
(FE-SEM) image of a pulvilli of the leaf beetle with a concave structure. Scale bars are 20 m and 
10m, respectively. (d) Schematic of the preparation of a concave pillar. (e) FE-SEM image of the 
concave pillar. The insets are a magnification of the concave pillar and a cross section of the concave 
pillar. Scale bars are 100m for the image, and 10m and 30 m in the insets, respectively. 
 
 
3.2 Results and Discussion 
Figure 3.2e shows an FE-SEM image of a fabricated concave pillar using anisotropic etching and the 
Bosch process. Anisotropic etching of the silicon was conducted under four conditions. FE-SEM is used 
to identify the concave shape according to the anisotropic etching condition. Figure 3.3 and Table 3.2 
show the depths (T) and diameters of the concave pillars (D), respectively. The FE-SEM images show 
similar depths of 15.1, 13.4, 13.9, 14.3 m when the samples are anisotropically etched with IPA 10%, 
15%, and 20% for 10 minutes and 20% for 15 minutes, respectively. Moreover, table 3.2 shows that the 
etching conditions have no significant effect on the diameter. The small differences in diameter occur 
as a result of deposition varying depending on position during sputtering because the sputter guns are 
tilted, or due to random error that occurs when the sample is stirred while immersed in the HNO3 and 
HF solution. Therefore, the etching conditions have little influence on the diameter and depth of the 
concaves. However, to better understand the effects of etchant concentration and etching time on a 
concave pillar, samples need to be prepared while varying the IPA amount and etching time. 
Additionally, the angles and other shape properties of the concave will need to be further analyzed. 
 
Table 3.2. Diameters of the concave pillars. 
Mask size 
Anisotropic 
etching with IPA 
10% by volume 
ratio 
Anisotropic 
etching with IPA 
15% by volume 
ratio 
Anisotropic 
etching with IPA 
20% by volume 
ratio 
Anisotropic 
etching with IPA 
20% by volume 
ratio, 15 min 
D (m) L (m) D (m) D (m) D (m) D (m) 
10 30 24 23.9 19.6 22.9 
10 40 26 26.3 20.3 26.5 
10 80 32.4 28.9 26.7 29.9 
10 120 30.2 30.6 26.9 30.3 
20 40 33.8 33.3 29 31 
20 60 38.8 35.9 32.2 34.2 
20 80 39 38 43.3 37.2 
20 120 43.2 42.3 38 43.7 
20 160 44.7 42.1 37.5 45.1 
20 240 45.1 43 38.3 45.2 
Figure 3.3. FE-SEM images of concave pillar according to the etching conditions. The concave pillar 
etched with IPA 10% (a), 15% (b) and 20% for 10 minutes (c) and 20% for 15 minutes (d), respectively.   
 
To compare the properties of the normal pillar and the concave pillar, the water contact angles were 
measured before FOTS coating (Figure3.4). Due to the differences in the processing of normal pillars 
and concave pillars, the intrinsic contact angle needs to be measured first, so flat silicon wafers were 
immersed in piranha solution (used to remove the photoresist from normal pillars) and Cr etchant (used 
to etch Cr from concave pillars). The surface chemistry is thought to be similar because both the piranha 
solution and the Cr etchant oxidize the silicon surface and form a thin layer of silicon dioxide. The 
intrinsic contact angles of the silicon wafers 2 days after the immersion process in piranha solution and 
Cr etchant are 63.3 ± 2.6° (in the case of normal pillar) and 46.9 ± 0.4° (in the case of concave pillar). 
These values are used to obtain the Cassie-Baxter and Wenzel angles. Theoretical values of the concave 
pillar are obtained with the assumption that it is a normal pillar, so the actual values of the Cassie-Baxter 
equation and Wenzel equation are smaller than the graph (represented by the blue solid and dashed 
curves, respectively) due to the concave area. 
 
Table 3.3. Intrinsic contact angles. 
 After the process 2 days after the process 
Si after immersion in 




 10.0 ± 3.3° 
 
 63.3 ± 2.6°  
Si after immersion in 







 46.9 ± 0.4° 
 
When measuring the contact angles of pillars, most concave pillars maintain the Cassie-Baxter state, 
while many normal pillars with low D/L partially transitioned to the Wenzel state. Another point is that 
at high D/L, the experimental contact angles are higher than the theoretical Cassie-Baxter angles for the 
concave pillars. This is because previous processing steps can also affect the surface chemistry and 
increase the intrinsic contact angle. Especially contact angles of concave pillars are higher than the 
Cassie-Baxter equation when intrinsic contact angle is 110 . It seems that the inside of the concave 
might not fully wet, so it requires additional experiments to observe the meniscus of the water droplet 
on the concave by using the confocal microscopy. The confocal microscopy lens will be immersed in a 
water droplet mixed with a fluorescent material and observe the meniscus of the water droplet on the 
concave. 
Figure 3.4. Measured contact angles versus pattern diameter/pitch between pillar centers, D/L, of the 
normal pillar (represented by red color) and the concave pillar (represented by blue color). Each point 
is the averaged value of at least five different positions and the error bars indicate the standard deviation. 
Red, blue, and black solid curves correspond to the Cassie-Baxter equation of normal pillar, concave 
pillar and when the intrinsic contact angle is 110 , respectively. Red and blue dashed curves correspond 
to the Wenzel equation of the normal pillar and concave pillar, respectively.  
 
The contact angle results show that the concave pillar has a higher contact angle and better maintains 
the Cassie-Baxter state, so to better understand the underwater wettability, FOTS coated normal pillar 
and concave pillar samples were immersed in water. Figure 3.5 shows that when both samples are first 
immersed in water, they maintain the Cassie-Baxter state, shown by a bright silver color. While 
immersed in water, the normal pillar shows a transition to the Wenzel state after a few air injections, 
while the concave pillar maintains the Cassie-Baxter state even with multiple air injections. Therefore, 
even with fluctuation, the concave pillar better retains air compared to the normal pillar.  
 
Figure 3.5. Underwater air injection test for the normal pillar (a), the concave pillar (b). The Cassie-
Baxter state is maintained for the concave pillar during the air injection. 
 
To investigate the transition rate for normal pillars and concave pillars immersed in water according 
to the aeration, samples immersed in water were observed through OM in a room with controlled 
temperature and humidity. During the observation, the edges of the sample, any air bubbles that formed 
on the surface, and the area where the transition occurred immediately due to defects were not 
considered for the analysis of the transition area. The concave pillar used in this experiment was etched 
in IPA 15 % by volume ratio, and the height of the pillars are 23.7 and 32.4 m for the normal pillar 
and the concave pillar, respectively. The diameters of the pillars are 40 and 38 m for the normal pillar 
and the concave pillar, respectively, and the pitch between the pillar centers for both samples is 80 m 
(Figure 3.6). Since the edges of both pillars are completely covered, air is unable to pass through from 
the side (Figure 3.7). However, there are few applications where the edges are covered, so one of the 
sides was cut to allow air to pass through for both pillars (Figure 3.8b). 
 
Figure 3.6. FE-SEM images of the normal pillar (a, b) and the concave pillar (c, d) used in Cassie-
Baxter to Wenzel transition rate experiment. 
 
 
Figure 3.7. (a) Schematic of the concave pillar and normal pillar with covered edges. (b) FE-SEM 
image of the normal pillar edge. 
 
Figure 3.8 shows the transition fraction versus time graph for the normal pillar and the concave pillar, 
and the images show the samples immersed in water with various aeration levels every 6 hours. Without 
the FOTS coating, the normal pillar has a contact angle of 131.8 ±1.9°, and the concave pillar has a 
contact angle of 160.4 ±5.3°. In the case of the normal pillar, as soon as it is immersed in 100% aerated 
water, it enters the Wenzel state, but the concave pillar only transitions 9.8% to the Wenzel state after 
24 hours.  
With the FOTS coating, the normal pillar immersed in 100% aerated water transitions 65.7% after 24 
hours, and in 0% aerated water, it transitions 84.4% after 24 hours. In contrast, the concave pillar only 
transitions to the Wenzel state in the edges of the sample, which are excluded in the analysis, so the 
concave pillar immersed in both aerated and 0% aerated water maintains the Cassie-Baxter state for 24 
hours. It seems that in the case of the concave pillar, water fill the concave instead of the gaps between 
pillars, so the concave pillar maintains the Cassie-Baxter state. However, more analysis is required to 
make sure of the air retention mechanism of concave pillars by using confocal microscopy and to 
immerse the concave pillar in the 0% aerated water for more than 24 hours to observe the stability of 
the air layer.  
        
 
 
Figure 3.8. Cassie-Baxter to Wenzel transition rate of normal pillars and concave pillars. (a) Plot of 
fraction of Cassie-Baxter to Wenzel transition area versus time. (b) OM images of normal pillars and 
concave pillars immersed in water during the Cassie-Baxter to Wenzel transition rate experiment. 
 
3.3 Conclusion 
In Chapter 3 fabrication method for robust hydrophobic surfaces possessing a concave on the top of 
pillars inspired by the structure of leaf beetle pulvilli is presented and the characteristics are analyzed. 
Concaves have similar depths, and there is no tendency in diameter, so the etching conditions have no 
significant effect on the shape of the concave. When measuring the contact angles of pillars, most 
concave pillars maintain the Cassie-Baxter state, while many normal pillars with low D/L partially 
transitioned to the Wenzel state. Moreover, at high D/L, the inside of the concave might not fully wet, 
so it appears to have higher contact angles than the theoretical values when intrinsic contact angle is 
110 . Furthermore, with fluctuation, the concave pillar better retains air compared to the normal pillar, 
and the concave pillar with FOTS coating maintains the Cassie-Baxter state for 24 hours in the water 
regardless of aeration. 
The bioinspired concave pillar structures not only help to develop robust and stable superhydrophobic 
surfaces but also advance the understanding of the Cassie Baxter to Wenzel transition phenomena. 
However, a stability test is needed that is longer than 24 hours and more analysis to observe the meniscus 
of the water droplet on the concave by using the confocal microscopy is required to understand the air 
retention mechanism of concave pillars.  
Chapter 4. Summary 
 
In this work, wetting phenomena is studied historically, fundamentally, and from an application 
perspective. Since studies on wetting phenomena began in the 18th century, many developments have 
been made in various applications, measurement methods for wettability, equations predicting contact 
angles, and contact angle hysteresis. 
Based on the studies on historical wetting phenomena, we investigated the fundamentals of smooth, 
flat, and chemically heterogeneous surfaces to revisit the Cassie equation. When water droplets with 
volumes of 6 L are deposited on heterogeneous surfaces having diameters of 640 m, the measured 
contact angles largely deviate from the Cassie equation, and the droplet shape deviates from a circular 
shape. Moreover, when water droplets with volumes of 6 L are deposited on the heterogeneous 
surfaces having a diameter of 80 m, the water droplets have a hexagonal shape. 
With this fundamental knowledge, robust hydrophobic surfaces possessing a concave on the top of 
pillars inspired by the structure of leaf beetle pulvilli are investigated for application purposes. The 
concave pillar can be fabricated using photolithography, anisotropic etching of silicon, and using a Cr 
mask for deep Si etching. Concave pillar structures have excellent superhydrophobicity and stability in 
the Cassie-Baxter state compared to normal pillar structures. 
This work provides a better understanding of the fundamental wetting phenomena of liquids and of 
the criteria of the Cassie equation. In addition, the bio-inspired concave pillar structures not only help 
to develop stable superhydrophobic surfaces but also to advance the understanding of the Cassie Baxter 
to Wenzel transition phenomena. However, contact angles will need to be compared with the modified 
Cassie equation which includes line fractions. Furthermore, a stability test longer than 24 hours and an 
experiment to observe the meniscus of the water droplet by using confocal microscopy are needed. 
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